In this paper, we have designed an all-optical controllable gas detector by doping 3-level Λ type nanocrystals in the moving arms' mirror of Michelson interferometer and used electromagnetically induced transparency (EIT) phenomenon to change its refractive index. By this means, we have created a controllable phase difference between light beams in two arms of the Michelson interferometer, where reflection phase of the EIT-based mirror changes about π radiant. Also, the signal reflection from EIT-based mirror changes between 0% and 100% approximately, while the second arm's signal is reflected completely. This EIT-based mirror's refractive index change can be a good alternative for conventional Michelson interferometer-based gas detector with one mechanical moving arm mirror (Undergraduate Instrumental Analysis, 6th edn. Marcel Dekker, New York, 2005), where long response time and unfix moving speed were its main drawbacks. While, in this scheme, not only these disadvantages are removed but also the response time can reach the electron transient time between the atomic energy levels. Then, by this all-optical tunable gas detector, we have achieved many modifications such as response time in sub-nanoseconds, high resolution, and high accuracy, or less cross sensitivity to other gas species.
Background
The hydrogen sulfide (H 2 S) is a colorless, toxic, and flammable gas, which is partially responsible for the foul odor of rotten eggs. It often results from the bacterial break down of sulfates in organic matter in the absence of oxygen, such as in swamps and sewers. It also occurs in volcanic gases, natural gas, and some well waters [1, 2] .
Small amounts of hydrogen sulfide occur in crude petroleum, but natural gas can contain up to 90%. Also, the H 2 S is emitted from volcanoes and hot springs, and generated as common by-product of many industrial processes including oil and gas exploration and production operations, where, it probably arises via the hydrolysis of sulfide minerals, i.e., MS + H 2 O → MO + H 2 S. Normal concentration of the H 2 S in clean air is about 0.0001 to 0.0002 ppm. Owing to its high toxicity, concentration level above 10 ppms is considered dangerous, and levels above 100 ppm are potentially fatal.
Early detection of the H 2 S at concentrations of 10 ppm in air is essential to prevent its toxic influence at higher concentrations. For this reason, many reports on ZnO sensors [1] , resistance sensor by n-SnO 2 / p-CuO heterojunctions (p-type CuO grains around n-type SnO 2 grains) [3] , detector design using a nanocrystalline WO 3 [4] , and many other works on H 2 S gas-sensing materials as SnO 2 -CuO [3] [4] [5] [6] [7] [8] , CuOSnO 2 -ZnO [9] , SnO 2 -Pd [10] , modified BaTiO 3 [11] , SnO 2 -Al 2 O 3 [12] , SnO 2 -CuO-SnO 2 [13] , and ZnSb 2 O 6 [14] have been done for the detection of H 2 S. However, these non-optical point detectors which are electrochemical and semiconductor devices have limited success, although used in a number of different strategies, because they have limitations such as being non-intrusive, poor selectivity and sensitivity, and limited response time compare to the semiconductorbased gas sensors. Also, these sensors have other problems; for instance, the gas of interest should reach the detector's surface and chemically react with it. Also, sensor drift, noise effects, static system of gas sensing, operation at different temperatures, cross sensitivity to other species, and a tendency of poisoning are other drawbacks.
In another work, long open-path H 2 S sensor based on tunable diode laser absorption spectroscopy was proposed as an all optical gas detector in open air [15] . This optical gas sensor was not only expensive and complicated but also has a low signal-to-noise ratio (SNR) which is a serious problem at low gas concentrations.
On the other hand, electromagnetically induced transparency (EIT) is one of the interesting phenomena of the light-matter interaction which modifies the material property by applying an optical control field. In other words, it changes the absorption and refractive coefficients of the material to the probe field. Then, we can change the absorption and refractive indexes of the material at the resonant frequency.
So, we have introduced an all-optical tunable gas detector with the Michelson interferometer [16] which modifies the SNR ratio and does not have any of the above-mentioned disadvantages.
Methods
As we know, infrared absorption can be used to provide quantitative measurements of different compounds. A beam of light absorption in an absorbing medium results in its attenuation.
According to the Beer-Lambert law, the relationship between the absorbance (A) and density (N) of an absorbing species of molecules is linear.
where
, and α (cm −1 ) are the measured absorbance, the frequency-dependent absorption cross-section, path length, analytic particle density, and the attenuation coefficient, respectively, as illustrated in the absorption cell of Figure 1 . Transmittance, T, is defined by
where I L and I 0 are the attenuated and initial intensities in the sample, and the relation between A and T is
By measuring the absorbed light intensity and applying the Beer's law, we can determine the concentration of the analyze atom or molecule. A simple principle of gas detection, based on absorption, has been demonstrated in Figure 1 . This setup has been afforded by the advent of tunable laser sources, in particular, tunable semiconductor diode lasers. The combination of high intensity and narrow line width makes lasers ideal light sources for such applications [2] .
In the case of weak absorption, the sensitivity of this setup might be insufficiently accurate to obtain quantitative results, which known as its disadvantage. Using the Michelson interferometer is a solution to improve SNR [1] . This system consists of four optical arms, with a beam splitter at their intersection point. Radiation passes down the first arm and is separated by beam splitter into two perpendicular beams of equal intensity which passes down into vertical and horizontal arms of the spectrometer. At the ends of these arms, the two beams are reflected by mirrors back to the beam splitter, where they recombine and are reflected together onto the detector. One of the mirrors is fixed in its position, while the other mirror moves from the central position or zero path difference (ZPD), changing the path length of that arm.
In practice, one of the mirrors in one arm is kept stationary, and the second mirror in the other arm is moved slowly. As the moving mirror moves, the net signal falling on the detector is a cosine wave with the usual maxima and minima when plotted against the Figure 1 Gas detection setup based on optical absorption [15] . travel of the mirror as shown in Figure 2 . The intensity of the reached wave to the detector is given by
where d and I 0 are path difference from ZPD position of the moving mirror and the light intensity of the arms at the beam splitter [17] . The disadvantage of this setup is the mechanical problem when moving the mirror at a controlled, known steady, velocity; position variations due to temperature changes, vibrations, and other environmental effects must be corrected. On the other hand, many faults might occur in the moving parts due to mechanical motion.
In this paper, to resolve the disadvantage mentioned in the last part of the previous paragraph, we have replaced the moving mirror with an all-optical tunable slab mirror by EIT phenomenon with doped 3-level Λ-type nanocrystals. By this means, we have achieved a required phase difference by varying the refraction index instead of the mechanical path difference created between arms.
Then, we have developed a mathematical method to describe the effect of the parameters of 3-level particles added in the considered slab on the optical characteristics of the designed device (mirror). Figure 3 shows the proposed all-optical tunable mirror with 3-level nanoparticles including the probe and control fields and decay rates. In this figure, the control and probe fields have been applied to |c>−|a> and |b>−|a> atomic transitions, respectively. Due to the control field application, the optical characteristic of the mirror is changed for the probe field. In the following, the theoretical calculation to describe the proposed system is presented.
After some mathematical manipulation, which is well known in the quantum optics, the following matrix form the Hamiltonian, and the density matrix are given as follows. Figure 2 Michelson interferometer as a gas detection set up [17] . Figure 3 Schematic of the proposed all-optical tunable mirror with 3-level Λ-type quantum dot dopants [18] . 
where ω a , ω b , ω c , γ ab , ε, υ p , υ c , φ c , and Ω c are corresponding frequencies to three levels (a, b, and c), coherency decay rate of the transition |a> − |b>, amplitude of the probe field, probe field frequency, control field frequency, control field phase, and Rabi frequency of the control field, respectively. ω cb , ω ab , and ω ac are the corresponding frequencies of the transitions between the levels in the presented model. Based on the time development equation of the density matrix [19] with differential motion equations and assuming appropriate boundary conditions, the below matrix equation with the following matrices can be obtained:
A ¼
where γ 1 and γ 2 are the decay rates of the ρ ab and ρ cb density matrix elements. Also, Ω c , } ab and Δ are the Rabi frequency of the control field, dipole moment element of the |a>−|b> transition, and detuning of the probe field from resonance frequency, respectively. Then, the optical susceptibility can be obtained with manipulating of the relationship between polarization and the dipole moment element as follows:
where Ω p and N a are the Rabi frequency of the probe field and the density of 3-level atoms, respectively. According to basic concepts, the optical loss or gain and induced refraction index, using the real and imaginary parts of the susceptibility, can be found as follows:
where χ′, χ″, κ, and n are the real and imaginary parts of the optical susceptibility, wave number, and refractive index, respectively [18, 19] . According to the basic concepts in classical optics and basic relations in homogeneous, linear, and isotropic media, the following relations are presented for the reflected part of the incident light. The phase difference of the light wave Figure 4 The optical susceptibility vs. wavelength for different control field amplitudes as a parameter. (a) The real part, (b) imaginary part, and (c) refraction index.
propagating through the media and conservation of the reflection and transmission coefficients are as follows [18] .
&
The following relation can be derived for the reflected field amplitude.
where R = |r| 2 is the intensity reflection coefficient at individual interfaces. E I and δ are the incident electric field and the gained phase delay in propagation of the slab length, respectively. Then, the absolute value of Figure 5 The reflection coefficient vs. wavelength for different control field amplitudes as a parameter. (a) The normalized magnitude and (b) the phase (radiant). E p ¼ 1 V=m; N a ¼ 7:5e16 cm Figure 7 Normalized detected signal of the proposed structure vs. refractive index variation of the EIT-based mirror. The wavelength is 1.57 μm. 
the reflection coefficient and its phase can be extracted as follows [18] :
Results and discussion
In this section, we have considered the effect of the applied control field on optical susceptibility. The refractive index of the mirror is shown in Figure 4 . Then, we have investigated effect of the applied control field on the magnitude and phase of the reflection coefficient, which is illustrated in Figure 5 . It is well known that increasing the control field intensity broadens the EIT window; therefore, the slope of the refractive index decreases. We have shown that by changing the control field (illustrated in the figure legend), the magnitude and phase of the reflection coefficient changed at given wavelength as resonant wavelength of H 2 S at 1.57 micron. So, by applying the control light, optically tunable capability of the proposed mirror is obtained and illustrated in the EIT window. Figure 5 shows that by increasing the control field, the reflection profile is shifted to long wavelengths. This effect can be described in terms of upper level splitting. By increasing the control field, the upper energy level splits more; then, the probe field with smaller energy can be absorbed. Thus, the resonant wavelength shifts to long wavelengths.
Reflection coefficient variation at wavelength of 1.57 μm versus control field amplitude is shown in Figure 6 . It is observed that the signal reflection from the EIT-based mirror changes between 0% and 100% approximately, while the second arm's signal is reflected completely. Also, the reflection phase of the EIT-based mirror changes about π radiant. Figure 7 demonstrates the normalized detector signal versus refractive index changes of EIT-based mirror. It has been demonstrated that with this given structure and with the considered parameters, the detector signal changes between zero and twice the initial intensity. Also, we should mention that according to Figure 3 , EIT window can be shifted and broadened; so, this structure not only can be used for detecting other gases with different absorption wavelength but also enhances performance problems such as unfixed speed of mechanical moving.
Conclusion
Valuable researches have been done on EIT, and its applications have been extended approximately to all fields of optics. Developing all optical tunable devices, such as sensors, is one of the fields which replace electronic sensors as an appropriate alternative.
In this article, we have used Λ type 3-level quantum nanoparticles doped into a thin solid medium as mirror of Michelson interferometer to achieve EIT conditions. EIT phenomenon by doped 3-level quantum dots implements quantum interference to change the refraction index of the mirror and consequently the π radiant phase difference of the light wave propagating through it. Also, the signal reflection from the EIT-based mirror has changed between 0% and 100% approximately. Thus, we can use refractive index changing instead of mechanical moving of the interferometer's mirror.
